In this article, we attempt to find a singularity free solution of Einstein's field equations for compact stellar objects, precisely strange (quark) stars, considering Schwarzschild metric as the exterior spacetime. To this end, we consider that the stellar object is spherically symmetric, static and anisotropic in nature and follows the density profile given by Mak and Harko (2002) , which satisfies all the physical conditions. To investigate different properties of the ultra-dense strange stars we have employed the MIT bag model for the quark matter. Our investigation displays an interesting feature that the anisotropy of compact stars increases with the radial coordinate and attains Preprint submitted to Annals of Physics November 12, 2018 its maximum value at the surface which seems an inherent property for the singularity free anisotropic compact stellar objects. In this connection we also perform several tests for physical features of the proposed model and show that these are reasonably acceptable within certain range. Further, we find that the model is consistent with the energy conditions and the compact stellar structure is stable with the validity of the TOV equation and Herrera cracking concept. For the masses bellow the maximum mass point in mass vs radius curve the typical behavior achieved within the framework of general relativity. We have calculated the maximum mass and radius of the strange stars for the three finite values of bag constant B g .
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Introduction
Anisotropy is the property of being directionally dependent, which in the present context can be defined as a difference of pressures (P t − P r , the tangential and radial pressures respectively for the fluid sphere), may arise due to different causes. In relativistic astrophysics it has been suggested that anisotropy arises due to presence of mixture of fluids, rotational motion, existence of superfluid, presence of magnetic field or external field, phase transition so on. In early stages of research on astrophysical anisotropy Ruderman [2] especially conceived that for the high density anisotropy is the inherent property of nuclear matters where interactions are relativistic in nature. On the other hand, Bowers and Liang [3] argued that superdense matter may be anisotropic due to superfluidity and superconductivity in the presence of complex strong interactions. A detailed review work is available by Herrera and Santos [4] where they have discussed possible causes for the appearance of local anisotropy (principal stresses unequal) in selfgravitating systems and presented its main consequences. However, in the later stage diversified investigations to understand the nature and consequences have been performed by several scientists on ultra-dense spherically symmetric fluid spheres having pressure anisotropy [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] .
However, to overcome any misunderstanding it is to note in the initial stage that the present model being static one we have ignored the magnetic field associated with the star and hence, anisotropy has not been introduced due to affect of the magnetic field. In the model it is assumed that solely anisotropic stress generated here due to the anisotropic fluid or the elastic nature of the super fluid or the phase transition. Several investigators already have published papers with different reasons of the anisotropic stress, except rotational effect or magnetic effect [3, 1, 18, 19, 20] .
In the context of the physical properties and internal structure of the compact stars Itoh [21] first suggested that the quark stars may exist in hydrostatic equilibrium. According to Bodmer [22] the quark matter made of u, d and s quarks is more stable than any ordinary nuclear matter. Cheng et al. [23] argued that after a supernova explosion, a massive star's core collapses to a strange star. It was also proposed by Alford [24] that in the dense core of a neutron star there is sufficiently high density and low temperature to crush the hadrons into quark matter.
It is quite interesting that the equation of state (EOS) chosen by the following authors in Refs. [25, 26, 27, 28, 29, 30] for neutron stars did not explain the properties of the observed compact stars, like P SR J1614 − 2230, V ela X − 1, P SR J1903 + 327, Cen X − 3, LMC X − 4, whereas the strange matter EOS can explain them. In the interior of such stars there may exist many exotic phases. It is observed that to describe a stellar model made of strange quark matter well known MIT bag EOS can be considered under such a situation. Successful use of the MIT bag EOS to describe strange quark stars the following recent works are available in the literature [31, 32, 33, 34, 35, 36, 37, 38] . This type of simplest form of EOS is very useful to study equilibrium configuration of a compact stellar object made of only up, down and strange quarks even in the framework of general relativity without invoking any quantum mechanical particle physics aspect.
Hence, in the present work our investigation will be mostly restricted to the EOS of strange matter only. It is to mention here that Rahaman et al. [39] by using the MIT bag model proposed a model for strange stars where they were able to analyze the physical properties of the stars from 6 km to the surface. Therefore, here our aim will be to choose a phenomenological MIT bag model [40, 41, 42] where the vacuum pressure B g confirms the quark confinement that equilibrates the pressure of quarks to stabilize the system. We have proposed a new stable model for strange stars which is neutral, static as well as anisotropic fluid sphere valid under the appropriate physical condition. Using the observed values of the mass of strange stars we have analyzed their physical properties and also predicted respective radii of the stars.
The above study is organized as follows: in Sec. 2 and Sec. 3 basic equa-tions and the appropriate EOS are respectively provided. We have sought for solutions in Sec. 4 whereas various physical features of the strange stars are discussed in Sec. 5. The article is concluded with a comparative study using provided data sets for the different strange stars and a short discussion in Sec. 6.
Basic equations of stellar structure
We consider that the interior of the strange stars is well described by the following space time metric
where ν and λ are functions of the radial coordinate r only. The energy-momentum tensor for the proposed strange star model is given by
where ρ, P r and P t in Eqs. (2), (3) and (4) represent the energy density, radial and tangential pressures respectively for the fluid sphere.
The Einstein field equations are now can be listed below
Let us define the mass function m(r) of the star as
Now assuming that the matter density profile inside the quark stars can be described following Mak and Harko [1] as
where ρ c and ρ 0 are the central and surface densities of the star of radius R respectively. Hence using Eqs. (8) and (9) we find the total mass of the quark star as follows:
Equation of State (EOS)
The simplest form of EOS we have taken into account here is that all the three flavors of quarks are non-interacting and confined in a bag which can be expressed as follows
where the individual pressure P f (flavor, f = u, d, s of up, down and strange quarks) due to all three quarks are counterbalanced by the total external bag pressure B g which is a constant quantity within a numerical range.
The total energy density ρ of the de-confined quarks inside the bag is given as
where ρ f = 3 P f is energy density of the individual quarks. From Eqs. (11) and (12) the EOS of the matter distribution can be given as
As the radial pressure must be zero at the surface, so from Eq. (13) we
where ρ 0 is the surface density at the surface r = R. In our study of strange stars we have considered values of bag constant as 83 MeV /(f m) 3 [39] , 100 MeV /(f m) 3 and 120 MeV /(f m) 3 .
Solutions of the basic equations
Now with the choice of EOS (13) and using Eqs. (1), (5) - (9) and (14) we obtain the following physical parameters:
where
and the constant density ρ c is the central density at the centre (r = 0). In Eq. (13) we have shown the simplest form of EOS of the quark matter. This can be considered as radial part of the EOS which consist of the effect of radial pressure in the form P r = ω r ρ. To consider the effect of the tangential pressure, the EOS can be shown as P t = ω t ρ, where ω r and ω t are respectively the EOS parameters which can be evaluated as
The behaviors of the above physical parameters are shown in Figs. 1 -5 which are quite satisfactory. Now let us maximize the anisotropic stress at the surface (r = R) without presumption of the nature of extremum. Thus from Eq. (19) we obtain: Again, using Eqs. (10), (14) and (22) and taking the value of bag constant as 83 MeV /(f m)
3 [39] and values of the observed mass as given in Table  1 , we get several solutions for R. However, we examine that among all these solutions only one is physically acceptable and also consistent with the Buchdahl condition [43] .
Some physical features of the model

Energy conditions of the system
To satisfy the energy conditions, i.e., the null energy condition (NEC), weak energy condition (WEC), strong energy condition (SEC) and dominant energy condition (DEC), for an anisotropic fluid sphere composed of strange matter the following inequalities have to be hold simultaneously:
The above energy conditions are drawn in Fig. 6 , which shows that our proposed model for the strange stars satisfies all the energy conditions. 
The generalized Tolman-Oppenheimer-Volkoff equations
According to Tolman [44] , Oppenheimer and Volkoff [45] , the sum of the physical forces should be equal to zero so that the system is subjected to the equilibrium:
where F g , F h and F a are the gravitational, hydrostatic and anisotropic forces respectively. The generalized TOV equation [46, 9] in its explicit form is
where M g is the the effective gravitational mass of the system which is defined as
Here for our system
, and F a = 2 (Pt−Pr) r . The nature of above TOV equation is shown in Fig. 7 . From this it is clear that our proposed model has achieved equilibrium state under the combined effects of the forces. 
Herrera cracking concept
Using the concept of Herrera's cracking [47] we have examined the stability of our system. The condition of causality establishes the physical acceptability of a fluid distribution, which demands 0 ≤ v st 2 ≤ 1 and 0 ≤ v sr 2 ≤ 1. Also, for the stability of the matter distribution the condition of Herrera [47] and Andréasson [48] is |v st 2 − v sr 2 | ≤ 1 which suggests that 'no cracking' is an essential condition to show a region potentially stable. From Fig. 8 we observe that our system satisfies all of these conditions and thus provides a stable system.
Mass-Radius relation
Following the work of Buchdahl [43] the maximum allowable mass-radius ratio for the above proposed anisotropic fluid sphere can be calculated. He has proposed that the maximum limit of mass-radius ratio for static spherically symmetric perfect fluid star should satisfy the following upper bound 2M/R ≤ 8/9 (≃ 0.89). However, Mak and Harko [49] have given the generalized expression for the same mass-radius ratio.
The total mass of the anisotropic compact star which is defined in Eq. (10) can be considered as the maximum mass M max = 4 (2ρ c + 3ρ 0 )πR 3 /15. From this mass-radius relation we find out numerical values of different compact star candidates in Table 1 and observe that all the values fall within the acceptable range as specified by Buchdahl [43] . The mass and radius of the 
Surface redshift
The compactification factor (u) for the proposed strange star model can be written as
So the corresponding surface redshift (Z) as we get from the compactification factor becomes
The variation of the compactification factor and redshift with the fractional radial distance are shown in the Fig. 11 .
Discussions and Conclusions
In this paper employing MIT bag EOS we have presented a new formalism to derive exact values of radius of the different strange star candidates using their observational mass and bag constant (as 83 MeV /f m 3 ) are shown in Table 1 . Also in this table we have computed the values of the central density, Table 2 : Physical parameters as derived from the proposed model. The entire data set is valid for B g = 83 M eV /(f m) it is clear that our solution is free from geometrical and physical singularities. Also it can be observed that the metric potentials e λ(r) and e ν(r) have finite positive values in the range 0 ≤ r ≤ R. Fig. 3 shows reasonable physical features of the pressures. From Eq. (19) and Fig. 4 one can find that the anisotropic force F a = 2 (P t − P r ) /r is positive throughout the system, i.e. P t > P r and hence the direction of the anisotropic force is outward for our system. In Fig. 5 variation of the radial (ω r ) and tangential (ω t ) EOS parameters as a function of the fractional radial coordinate r/R. In connection to all plots the strange star LMC X − 4 has been taken as the role of the representative.
The proposed compact stellar model is well consistent with the energy conditions which is clear from Fig. 6 . We find that as sum of all forces (F g , F a and F h ) are zero through out the system our model is in equilibrium and consistent with the generalized TOV equation (see Fig. 7 ). Also from Fig. 8 we find our model is completely stable under the causality condition and Herrera cracking concept.
According to the well known necessary condition for static stellar model mass M should increase with the increasing central density (ρ c ), i.e., dM dρc > 0. However, this condition is necessary, but not sufficient one. Again opposite condition, i.e., dM dρc < 0 always predicts an unstable model against small perturbations. From Figs. 9 and 10 necessary condition dM dρc > 0 predicts that the stellar system is stable until the local maxima, i.e., the maximum mass point. Beyond the maximum mass point mass decreases with the increasing density and features instability. As mentioned earlier though the necessary condition for stable equilibrium static model is studied and valid for our proposed stellar configuration but this is not sufficient.
The equation dR dρc = 0 suggests that the star has maximum value of radius R max for ρ c | Rmax . From equation dM dρc = 0, the star has maximum value of mass M max for ρ c | Mmax . The model for 83 MeV /f m 3 yields the numerical values of the maximum mass and radius as M max = 3.66 M ⊙ and R max = 12.225 km respectively which is clear from Fig. 10 .
The detailed analysis of the stability for a non-rotating spherically symmetric anisotropic model invites analysis through their radial oscillation but we are keeping this is as future project. However, using M(R) curve we are employing a specific criterion which is sufficient to determine specific number of unstable normal radial modes [55, 56] . This criterion states that one and only one normal radial mode present at the critical point (local maxima or minima) in M(R) curve indicates the change of stability of the system to the instability or vice versa. No other points in M(R) curve show the change of stability due to the radial oscillation. Also, a mode is unstable only if the M(R) curve bends at the critical point counter-clockwise and is stable only if M(R) curve bends clockwise. From Fig. 9 we find that the system is stable up to the critical point, i.e, maximum mass point and at that point the M(R) curve bends counter-clockwise making the fundamental oscillation mode unstable. That makes the system unstable beyond that critical point as the M(R) curve bends to the left counter-clockwise. Finally, applying above technique besides the physical tests like equilibrium of forces (generalized TOV equation) and Herrera cracking concept we able to predict that the model is stable up to maximum mass point against the small perturbations.
It is shown from the present model that the surface density of the star LMC X − 4 is 6.36 × 10 14 gm/cm 3 which is very high and consistent with the ultra dense compact stars [2, 57, 58] . We also have found out that the redshift of the stars (in Fig. 11 and Table 1 ) are within the range 0.19-0.46 (for LMC X −4 the maximum mass to radius ratio is 0.40) which is consistent under the constraints 0 < Z ≤ 1 and Z ≤ 2 as suggested by the investigators respectively in the following Refs. [13, 59, 12, 60, 61] and [43, 62, 63] .
Interestingly, in the present study we find an important result that the anisotropy of the compact stars is zero at the center and then it is increasing through out the interior region of the stars and reach its maximum value at the surface. Again from Table 2 it is clear that the ∆ ′′ (R) is negative, which supports mathematically that the anisotropy is also maximum on the surface of an anisotropic compact star. As a comparative study, the maximum anisotropy of few quark stars are given in Table 2 (the values are calculated from our model). The study, therefore, clearly suggests that the anisotropy is maximum at the surface and it is an inherent characteristics of the singularity free anisotropic compact strange stars. Hence, as a final comment, from the above discussions it can be concluded that the model proposed in this work seems suitable to study the ultra-dense compact strange stars.
